Zeng Z, Jan KM, Rumschitzki DS. A theory for water and macromolecular transport in the pulmonary artery wall with a detailed comparison to the aorta. Am J Physiol Heart Circ Physiol 302: H1683-H1699, 2012. First published December 23, 2011; doi:10.1152/ajpheart.00447.2011The pulmonary artery (PA) wall, which has much higher hydraulic conductivity and albumin void space and approximately one-sixth the normal transmural pressure of systemic arteries (e.g, aorta, carotid arteries), is rarely atherosclerotic, except under pulmonary hypertension. This study constructs a detailed, two-dimensional, wall-structure-based filtration and macromolecular transport model for the PA to investigate differences in prelesion transport processes between the disease-susceptible aorta and the relatively resistant PA. The PA and aorta models are similar in wall structure, but very different in parameter values, many of which have been measured (and therefore modified) since the original aorta model of Huang et al. (23). Both PA and aortic model simulations fit experimental data on transwall LDL concentration profiles and on the growth of isolated endothelial (horseradish peroxidase) tracer spots with circulation time very well. They reveal that lipid entering the aorta attains a much higher intima than media concentration but distributes better between these regions in the PA than aorta and that tracer in both regions contributes to observed tracer spots. Solutions show why both the overall transmural water flow and spot growth rates are similar in these vessels despite very different material transport parameters. Since early lipid accumulation occurs in the subendothelial intima and since (matrix binding) reaction kinetics depend on reactant concentrations, the lower intima lipid concentrations in the PA vs. aorta likely lead to slower accumulation of bound lipid in the PA. These findings may be relevant to understanding the different atherosusceptibilities of these vessels. hydraulic conductivity; low-density lipoprotein cholesterol IN HUMANS, DIFFERENT VESSELS have very different proclivities to develop atherosclerotic lesions. Arteries with thick walls and high lumen pressures, such as the aorta, coronary, and carotid arteries, are by far the most likely to develop atherosclerosis (39, 69). In contrast, the pulmonary artery (PA), a lower pressure, intermediate thickness artery, is normally lesion-free, except under pulmonary hypertension (PH) (13, 19) . Compelling evidence argues that atherogenic, plasma-derived lowdensity lipoprotein (LDL) cholesterol transport and accumulation in the artery wall, particularly in its subendothelial intima (SI), are fundamental initiating events of early atherosclerotic lesions (13, 50). High SI LDL concentrations appear to lead to LDL binding to the SI extracellular matrix (ECM) to form lipid packets, called liposomes, containing lipid from one or many LDL particles. This LDL binding and modification precede monocyte diapedesis and foam cell formation in lesion-prone aortic areas (41, 47) . This study asks, does the PA have less LDL entry, transport, and concentration, leading to slower retention than the aorta wall? Such differences and differences in LDL modification may underlie their different atherosclerotic susceptibilities.
IN HUMANS, DIFFERENT VESSELS have very different proclivities to develop atherosclerotic lesions. Arteries with thick walls and high lumen pressures, such as the aorta, coronary, and carotid arteries, are by far the most likely to develop atherosclerosis (39, 69) . In contrast, the pulmonary artery (PA), a lower pressure, intermediate thickness artery, is normally lesion-free, except under pulmonary hypertension (PH) (13, 19) . Compelling evidence argues that atherogenic, plasma-derived lowdensity lipoprotein (LDL) cholesterol transport and accumulation in the artery wall, particularly in its subendothelial intima (SI), are fundamental initiating events of early atherosclerotic lesions (13, 50) . High SI LDL concentrations appear to lead to LDL binding to the SI extracellular matrix (ECM) to form lipid packets, called liposomes, containing lipid from one or many LDL particles. This LDL binding and modification precede monocyte diapedesis and foam cell formation in lesion-prone aortic areas (41, 47) . This study asks, does the PA have less LDL entry, transport, and concentration, leading to slower retention than the aorta wall? Such differences and differences in LDL modification may underlie their different atherosclerotic susceptibilities.
Tracer Entry and Accumulation in the Aorta
Experiments (7, 9, 21, 36 -38, 51) and theory (23, 66, 73) have investigated how macromolecules cross the aortic endothelium to enter the vessel wall. Early calculations of Weinbaum et al. (66) for their leaky junction-cell turn over hypothesis/model showed that the presence of only one cell every few thousand whose junctions with its neighboring endothelial cells are leaky could account for the locally enhanced endothelial macromolecular permeability that has been observed. This holds even when the en face area of the leak is only a millionth of the total endothelial surface. Stemerman (52) found that macromolecules cross the aortic endothelium in focal spots, not uniformly. Aortic endothelial cells (ECs) in the M phase of mitosis (37, 38) , ECs in the process of dying and/or sloughing of neighboring dying cells (36) , or those containing stigmata (9) temporarily allow easily detectable macromolecules of different sizes, e.g., Evans blue albumin conjugate, horseradish peroxidase (HRP), and Lucifer yellow-low density lipoprotein, through their junctions (7) . In rat aorta, the average HRP leak frequency is ϳ1/(2,000 -6,000) cells (7, 36 -38) and leak duration is ϳ1 h (9). Chuang et al. (9) injected rats with HRP, killed them at various circulation times up to 4 min, examined aortic spots en face, and observed very rapid spot grown, with spot diameters ϳ30 m to Ͼ200 m in 4 min. Tompkins (61) injected 125 I-LDL into four squirrel monkeys, killed them 30 min later, harvested numerous vessels, sectioned the vessels extensively, and placed the sections on photographic film. From these films they determined the LDL concentration profile through the walls of various vessels.
Yuan et al. (73) postulated a two-dimensional (2-D), convection-diffusion model that explicitly includes the endothelium, SI, internal elastic lamina (IEL), and media layers of the artery wall. Although they found a large convective flow through the leaky endothelial cleft that advected tracer, their model failed to explain the HRP spot growth seen in Chuang et al. (9) . By examining the ultrarapid freezing/rotary shadow etchings of the rabbit SI of Frank and Fogelman (14) , Huang et al. (23) found the SI to be far sparser than the media. Their heterogeneous fiber matrix theory calculated SI Darcy permeability and tracer diffusivity to be 10 -100 times the measured media values. With these and other measured and guesstimated parameters, they extended the model of Yuan et al. (73) to reveal a previously unanticipated flow pattern in the wall. The mismatches between SI and media flow resistance and between leaky and normal junction hydraulic conductivity caused strong advective macromolecular transport parallel to the endothelium in the SI in a ϳ200-m diameter region around the leaky junction, consistent with observed rapid HRP spot growth (9) .
Schwenke and Carew (43) found that aortic SI LDL concentration increased within 2 wk of lipid feeding. Simionescu and colleagues (41, 47) and later Frank and colleagues (14, 42) used freeze fracture to image what they called extracellular lipid liposomes, comprised of the lipid from one to hundreds of LDLs, bound to aortic SI ECM. Yin et al. (72) developed a hierarchy of nucleation-polymerization models for the formation and growth of extracellular lipid liposomes in the aortic SI that predicted the observed liposome size distributions in chronically hypercholesteremic and short-term cholesterol-fed rabbits (14) . It is tempting to presume that, since these lipidtissue interactions are local, their kinetics would be location independent, given the not radically dissimilar ECM. Heart valve leaflets also accumulate lipid at high blood cholesterol and calcify, thereby loosing their capacity to prevent blood backflow (5) . Valves are an ideal test case. Although leaflet and artery wall ultrastructures differ (leaflets have 2 endothelia, no IEL, and a central ECM layer with interstitial cells), Zeng et al. (76) found focal, rather than uniform, endothelial HRP leaks, HRP spot growth similar to the aorta, and thin, sparse SIs beneath each endothelium. We (78) proposed a 2-D convectiondiffusion model that included these intimae, fit (only) three parameters (to a single experiment), and measured or took from the aorta all other parameters. The model explained the spot data (78) and a multitude of previously perplexing data on 125 I-LDL valve penetration (60) . Combining this LDL transport with the liposome kinetics (all parameters fixed) of Yin et al. (72) predicted lipid accumulation and extracellular lipid liposome size distributions in rabbits fed a high lipid diet for 1 mo in excellent agreement with the experimental liposome size distribution (75) .
Transport and accumulation in the PA. Few transport studies have been reported for the PA. Lever and Jay (34) measured the steady-state uptake of labeled albumin by various rabbit blood vessels. They found the fractional albumin volume much greater in the PA than in the aorta wall. Shou et al. (46) showed that, at physiological lumen pressures ⌬P*, the rat PA wall has a much higher hydraulic conductivity L p * than its aortic wall, both with intact and denuded endothelium. Their data indicate similar endothelial L p * (computed at the lowest ⌬P*). Thus the PA is more permeable to both fluid and macromolecules and its medial tissue is likely much sparser than the aorta. Given their different ⌬P*, it is not a priori obvious which experiences the higher fluid flux. Shou et al. (45) found this flux, wall L p * ϫ ⌬P*, was the same in the aorta, PA and even the inferior vena cava, to within experimental error. Shou et al. (46) found the rat PA endothelium also leaks HRP focally, not uniformly, over a 4-min circulation and PA and aorta focal HRP spot growth with HRP circulation time are both rapid and surprisingly similar to each other and to the aorta study of Chuang et al. (9) . No such PA LDL spot growth data are available, but Lever et al. (35) measured fibrinogen and 125 I-LDL uptake in numerous vessels after 5-to 15-min circulation in vivo. They report similar values for total fibrinogen uptake in the descending thoracic aorta and in the PA, both approximately one-half of that in the inferior vena cava and in the ascending aorta.
They do not report LDL values, but their prose indicates that the LDL and fibrinogen, molecules of similar size, values were similar. This study asks, in view of the large PA-aorta differences of ⌬P*, L p * , and fractional macromolecular volumes, how can their macromolecular transport turn out to be so similar? We hypothesize that both vessels' mismatches in SI-media density and in leaky junction/normal endothelium L p lead to similar SI spreading flows that advect tracers radially to form similarly (due to similar overall L p * ⌬P*) rapidly growing tracer spots.
Since the PA and aortic walls have similar basic layered structures, we adapted the geometry of Huang et al. (23) mathematical transport model in the aortic wall to the PA. The far less dense PA wall has very different transport parameters than the aortic wall. Since one studies transport into vessel walls to see if early lipid accumulation rates correlate with vessel disease susceptibility, we hypothesize that the normotensive PA has a lower SI LDL concentration than the aorta; with any reasonable lipid accumulation kinetics [e.g., the liposome kinetics of Yin et al. (72) ], this should lead to slower lipid accumulation.
MATHEMATICAL MODELS

Model Description
The transport problem for comparison with the experiments of interest (9, 61) is an initial value problem that starts with zero tracer concentration everywhere, followed by a step jump to a time-independent lumen concentration. 1 Since electron micrographs (45, 46) show the PA and aorta have the same basic structural layers: endothelium, SI, IEL, media, and adventitia, Fig. 1, A and B, applies to both vessels the same basic 2-D convection-diffusion model (similar, but not identical, to that in Refs. 23, 73) . We only describe it in words, leaving the equations to APPENDIX A. The model excludes the adventitia, since its loose connective tissue plays a minor role in transport, and the vaso vasorum, since advection transports outwardly from the vessel lumen. Water crosses the entire endothelium; large macromolecules only cross the junctions of rare leaky ECs (Fig. 1C) . We arrange these leaky cells (taken as round) in a periodic surface array, each surrounded by a uniform endothelium of normal permeability. The models below are 2-D (r*, z*) axisymmetric on a periodic (by abuse of geometry) cylindrical unit, with its origin at the center of the leaky cell. Let R 1 * be the average effective EC radius. The (area or number) fraction, R , of cells that leak defines the radius, *, of the cylindrical unit, roughly half the average distance between leaky ECs, where periodic boundary conditions apply.
The local average superficial water velocities in the radial U* and normal W* directions are volumetric flow rates divided by the total normal cross-sectional area. Velocities satisfy Darcy's Law and incompressibility, which combine to give Laplace's equation, and concentrations (per unit total volume) satisfy an advective-diffusion equation in the SI and in the media. 2 Lumen and extravascular pressures are prescribed, and W* is continuous at the IEL; hydraulic conductivity boundary conditions apply at the normal endothelium, in the leaky junction and at the IEL. Tracer fluxes and concentrations (per unit void volume) are either prescribed or continuous at these surfaces. Axisymmetry and 1 In these experiments, tracer was introduced in sufficient excess and the experimental time was sufficiently short to maintain time-independent lumen concentrations. 2 Huang et al. (23) found that use of the more complicated Brinkman equation here was just equivalent to using Darcy's law with a corrected permeability. Moreover, it is hard to argue that one should explicitly include no-slip on region boundaries (Brinkman) when one has lumped no-slip on the far more abundant ECM fibers and on the medial elastic into region permeabilities. periodicity imply zero fluid or mass flux at r*ϭ0, * (see APPENDIX A for nondimensionalizations and for mathematical details). The transmural pressure drop drives plasma (here called water) through normal and (wider, thus higher L p * ) leaky EC junctions into the SI. The pressure drop is thus much smaller across leaky than normal junctions. This creates a large SI pressure gradient that spreads water and advected tracer in the SI parallel to the endothelium away from the leaky cleft. Water and advected tracer seep through the IEL fenestrae into the media. Any reasonable (i.e., monotonic: higher local concentration yields higher local rate of lipid accumulation) liposome kinetics [here, Yin et al. (72) ] can compare lipid accumulation in the aorta and PA.
Solution Methods
Transport models. Given the complex, two-layered, 2-D system geometry, we have chosen a direct discretization, finite difference on a nonuniform mesh approach to solve for the pressure and concentration distributions. 3 The mesh is dense near the leak and sparse far from it. The discretized filtration model becomes a (large) number (equal to the total number of mesh points) of simultaneous linear algebraic equations, which MATLAB (The MathWorks) easily solves. For the macromolecular transport model, we choose the Hopscotch Method, a fast second order partial differential equation solver. This method, a type of finite difference technique described by Gourlay (15) , is fast, efficient, and unconditionally stable. Due to significantly less computer power available, earlier studies (23, 73) made a number of simplifications to solve such 2-D, tworegion, advective-diffusion theories for transport in the aorta. As it turns out, these simplifications strongly impact the accuracy of the calculated solutions, particularly in the critical region near the leaky junction. APPENDIX B details these simplifications and how we have solved our models without them. , one must retain [O (10 4 )] terms to resolve the scales over which the dynamic variables change near the leaky junction.
Constants and Parameters in the Models
3) Since this complex velocity distribution requires a direct discretization for the 2-D advection-diffusion equation, we simply use this approach for both equations. 
Note: the pulmonary artery (PA) is assumed to have the same parameter values as the aorta unless a different value is specified in parenthesis or in results and discussion. HRP, horseradish peroxidase. Definitions of parameters/constants are listed in Table 2 . 
where L p1 * and Lp 1 ϫ L p2 * and Lp 1 is the nondimensional theoretical value from Eq. A12. The right side of Eq. 1 neglects the thin, sparse SI layer because its Lp is much greater than those of the other layers.
[SI compaction theory (24) provides a more refined view of the SI contribution, but at a finer level of resolution than this model. Here we lump these effects into the calculated L pnj * .] Note K p2 * ϭ L p2 * L 2 * . Curry (11) calculates the retardation coefficient, fi, in region i for the leaky junction (i ϭ l) (including glycocalyx), SI (i ϭ 1), IEL fenestrae (i ϭ I), and media (i ϭ 2) by
fi the solvent drag reflection coefficient in region i. The matrix structures in these regions account for solute filtration; thus fi ϭ (1 Ϫ ⌿i)
2 , ⌿i the solvent partition coefficient in region i. For the solutes and matrices here, Huang et al. (23) found ⌿i Ϸ ␥i/␥wi, the ratio of the fractional volumes available to macromolecules (␥i) and water (␥wi,). Due to similar matrix structures (33), we equate the IEL fenestrae to SI transport parameters, ␥I ϭ ␥1, ␥wI ϭ ␥wl, D I * ϭ D 1 * . Due to the paucity of experimental data for the PA (or for a PA fiber matrix theory; Refs. 12, 23), we adopted a fitting scheme based on the transwall LDL profiles of Tompkins et al. (61) similar to those described in detail in our theoretical study of transport in heart valve leaflets (78) to get two media macromolecular transport parameters: the mass transfer coefficient, k, through the normal endothelium and the media diffusion coefficient, D 2z * , for LDL. Again we choose the Tompkins' profile with the lowest concentrations that likely derives from tissue sections with only normal junctions, i.e., far from an LDL leak, where our 2-D model looses its r* dependence. 4 Fitting the one-dimensional (1-D) convection-diffusion model (setting ‫*‪r‬ץ/ץ‬ ϵ 0) to these data gives k and Table 1 . We set the media distribution volume/void space for albumin (␥2) equal to that for HRP, since albumin and HRP are similar in size, i.e., r s * (albumin) ϳ 3.5-4 nm (10). ·mmHg Ϫ1 for the aorta (PA). APPENDIX C discuses these derived L p values and compares them with each other and with published values. APPENDIX C details parameters that our group measured (22) after publication of our earlier model (23) . It discusses that study's estimation methods for some parameters and how we have significantly improved upon them.
RESULTS AND DISCUSSION
Derived Parameter Values
The fitting scheme described in Constants and Parameters in the Models gives the two optimized PA transport parameters, the medial z-diffusivity D 2z * ϭ 6.57 ϫ 10 Ϫ9 cm 2 /s (LDL) and endothelial mass transfer coefficient k ϭ 5.18 ϫ 10 Ϫ9 cm/s (LDL). Figure 2 shows the best fitted result (continuous curve) with the experimental data (discrete points). This k is nearly identical to Tompkins' PA value [which is 3-5 times their aorta value of 0.83 ϳ 1.5 ϫ 10 Ϫ9 cm/s (59)], and this D 2z * is about four times Tompkins' D. Tompkins' model has mass transfer coefficients for the lumen and for the adventitial boundaries and a single diffusivity for the interior of the vessel wall. Tompkins notes that his PA fit is not satisfactory: in retrospect, since his model did not include an SI with a much higher LDL space, it needed to keep D small to achieve a sharp concentration drop near the endothelium. Unfortunately, this also resulted in an underestimate of the LDL concentration far from the boundaries. Our inclusion of an SI naturally reflects this drop and our higher fit value of D (Fig. 2 ) models the media concentration far better.
Our PA D 2z * is also about an order of magnitude greater than those in the studies of Tompkins (59) of the 125 I-LDL in the wall resides there at a 10-min circulation. Tompkins's (59) aortic profiles also had very high LDL concentrations adjacent to the endothelium and nearly zero beyond it. To explain a high SI LDL concentration/fraction and nearly zero beyond (far lower than found in the PA), a model assuming uniform wall porosity would need to raise k and lower LDL diffusivity to get so much LDL into the SI and to keep it from spreading. Tompkins's medial LDL concentrations were too close to zero for us to use them to find a precise improvement on their aorta D 2z * . Moreover, from the calculated numbers below, the media Peclet number, W 2 * L 2 * /D 2z * ϳ 5 ϫ 10 2 , meaning medial z-diffusion is negligible relative to advection. Thus we simply took the largest of these three literature D 2z * values, although the true aorta value could easily be two to three times that number.
Our PA D 2z * (LDL) exceeds our aortic D 2z * (LDL) by a factor of 12; as noted, the real ratio is likely ϳ4. Tompkins simplified geometric model yielded a factor of 3: that the PA media diffusivity far exceeds that of the aorta is consistent with a variety of evidence that the PA is far sparser and more permeable to both water and macromolecules than the aorta: the PA has a far higher L pt * than the aorta (45) . The in vitro experiments of Lever and Jay (34) showed that the PA wall has a greater distribution volume albumin than systemic arteries. Tompkins et al. (59, 61) found 30 min medial LDL concentrations ϳ10 times greater in the PA than in the aorta. APPENDIX C uses fiber matrix theory to find a theoretical range for the ratio of PA to aorta D 2z * .
Pressure Distribution
Figure 3 plots nondimensional PA (solid lines) and aorta (dash lines) variables: 1) the pressure, P SI , in the SI at z ϭ 0; 2) the pressure, P Im , at the IEL-media surface; and 3) the normal velocity, W I * , across the IEL. All of these curves attain maximum values at the leaky cleft (r*/R 1 * ϭ 1) and decay to lower, otherwise uniform values far from the leak (r*/R 1 * Ͼ 10). The pressure just beneath the leak is the highest in the wall because the drop across the much wider leaky junction is far smaller than across the normal junctions and this propagates into the wall. It also sets up a large SI radial pressure gradient that drives an SI radial velocity. Far from the leak, the leak's effect decays; the curves in Fig. 3 loose their r* dependence, i.e., the model reduces to 1-D. Although, aortic P SI and R I * are similar in shapes to those in Fig. 6 of the earlier aortic study of Huang et al. (23) , our larger L pt * leads to higher pressures and velocities, and our more accurate calculation near the leak leads to significantly higher W I * there. More critically, P Im (r) at the IEL-media surface is quite different. As APPENDIX B details, Huang et al. (23) initially simplified the 2-D media model by assuming its pressure depends only on z*, i.e., is 1-D. Even with their small a postiori 2-D correction, their P Im curve is nearly horizontal, i.e., r* independent. In contrast, our fully 2-D convection-diffusion model results in a clear rise/maximum in P Im (r*) z ϭ 0 (and in W I * ) near r*/R 1 * ϭ 1. This confirms, as one would expect, that the leaky cleft's impact on P extends beyond the SI. Since the media Darcy permeability, K p2 * , is small, this effect damps quickly with z in the media. This effect is a bit more pronounced in the PA due to its looser media. Concentration plots below show it impacts media mass transport, especially in the PA, due to its media's higher macromolecular distribution volume.
The nondimensional filtration model allows comparison of PA and aorta pressure distributions with their large transmural pressure difference ⌬P* factored out. The PA intima pressure P SI lies above the aorta P SI . This indicates that the flow resistance due to the endothelium plus SI, including effects of SI compression and IEL fenestral blockage (22, 24) , contribute a smaller fraction of the total wall resistance in the PA than the aorta. [The statement of Shou et al. (45) * are remarkably similar near the cleft, despite the vessels' very different ⌬P* and total wall L pt * . The local SI radial Peclet number, Pe SI ϭ f 1 r*U 1 * /␥ 1 D 1 * , the ratio of the SI radial advection to molecular diffusion, is a way to represent the radial flow rate nondimensionally. Figure 4 plots Pe SI for HRP vs. radial position for the PA (solid) and aorta (dash). Despite the larger PA than aorta leaky junction L plj * , the PA Pe SI is still smaller than the aorta Pe SI . Since the aorta has the far larger transmural pressure, ⌬P* (100 vs. 16 mmHg), which normalizes pressures, this does not contradict the similar aorta/PA P SI curves in Fig. 3 . Figure 4 shows Pe SI ϳ4.0 at the leak (r*/R 1 * ϭ 1). The regime where advection dominates diffusion (Pe SI Ͼ 1.0) extends to r*/R 1 * ϳ 5.5 (PA) Fig. 3 . Nondimensional pressure in the subendothelial intima (PSI) at z ϭ 0 and at the interface of the IEL and media (PIm), and the normal velocity (W I * ) across the IEL for the pulmonary artery (PA, solid lines) and the aorta (dash lines) as functions of radial distance r from the center of the leaky cell. Radial distance r* in this and subsequent plots is normalized by the radius of an endothelial cell (R 1 * ; thus the leaky junction is at r*/R 1 * ϭ 1), as opposed to r: ϭ r*/L p2 * (Eq. A1), to focus on the junction region. Pressure is normalized by the transmural pressure drop (⌬P*), 100 mmHg for the aorta and 16 mmHg for the PA (45). 
Concentration Distribution
The velocity field (Eq. A5) advects tracer in Eq. A15. Figure 5 plots the HRP concentration, at 4-min HRP circulation, in the SI [C SI (z ϭ 0)] and at the IEL-media interface (C Im ) for the PA and the aorta 5 Since for at least 4-min studies, HRP that penetrates into the SI through leaky clefts is easily distinguishable from uniform leakage, Fig. 5 neglects HRP transport across the normal endothelium (it only calculates the nonuniform part), i.e., sets k (Eq. A19b) ϭ 0.
Both concentrations, C Im and C SI , adjacent to the IEL are higher near the leak (r*/R 1 * ϳ 1) and decay to very low values away from it (r*/R 1 * ϾϾ 1). Aortic C Im is higher than in Huang et al. (23) and nonuniform, due to the higher I noted above and the improved solution method in APPENDIX B, leading to larger, nonuniform W I * . There is a concentration drop across the IEL (C Im Ͻ Ͻ C SI ) in both vessels due to the media's much smaller macromolecular distribution volume. Near the leak, where concentrations are large, aorta C SI is higher than PA C SI , but the opposite is true for C Im because the SI/media void space mismatch in the aorta is far starker than in the PA. In fact, ␥ 2 ϭ 0.08 for HRP in the aorta (34), about one-third (0.234) in the PA (55) . Macromolecules in the aortic SI have far more difficulty entering its media than in the PA and therefore have a higher C SI but lower C Im there. Phrased differently, the PA IEL and media's lower transport resistance extend the leaky cleft's impact further into the media. Far from the leak, C SI is still higher in the aorta because, as Fig. 4 illustrates, its radial SI advection is larger than in the PA. The concentration curves become more 1-D, i.e., the leaky junction's impact wanes, as z increases into the media and the pressure decays to the uniform (in r) zero boundary condition Eq. A25. figure; 2) assuming C(z ϭ 1) ϭ 0 only introduces a very small error into, e.g., Figs. 6; and 3) even in the worst case, the fraction of the walls' tracer holdup, needed to calculate spot growth, is negligible at z ϭ 1; we simply assume C(z ϭ 1) ϭ 0. denudation) and where the LDL curve does not flatten out until ϳ40% of the wall depth. This unique shape (relative to the other PA curves) suggests something unusual may have happened. Speculative scenarios with a uniformly damaged endothelium can also account for this profile (Fig. 6C) .
Theory vs. Experimental LDL Concentration Profiles
Growth of HRP Leakage Spots
Figure 3 exhibits large radial P SI gradients, i.e., U 1 , that advect macromolecules away from the leak in the SI, rapidly growing HRP spots. Chuang et al. (9) and Shou et al. (46) both observed this rapid HRP spot growth en face in rat aorta. HRP spots grow extremely rapidly in the first minute after HRP injection and more slowly thereafter. Measurements stop after 4 min, since the cumulative penetration of HRP through normal EC junctions after 4 min darkens the background, making it difficult to distinguish leakage spot from background.
The threshold (C th ) for the HRP DAB reaction product visibility can vary slightly with different HRP batches, with precise staining reaction conditions and with photographic exposure. Naturally, one would prefer C th not be adjustable. As in Huang et al. (23), we require a single C th for a set of four HRP circulation times for a given vessel type. Figure 7 plots model solutions for SI HRP concentration C 1 (r*/R 1 * ), averaged dz across the SI [due to the SI separation of scales (1), its z-variation is very small], and equates C th to C(30-s circulation) at r*/R 1 * ϭ average experimental 30-s spot radius. Thirty seconds are the sum of an unknown (i.e., not measured in Refs. 9 or 46) time lag t 0 for the tracer to reach the lumen adjacent to the vessel of interest from its femoral vein injection point plus 30-t 0 -seconds model time where tracer enters the wall. We draw a horizontal line at C th on Fig. 7 and read off the abscissa values at which it crosses the curves for different circulation times to predict the HRP spot edge. We vary t 0 to get a best fit. Curve 1 (aorta) in Fig. 8 shows good agreement for C th ϭ 0.05 and t 0 ϭ 25 s. Our t 0 ϭ 25 s agrees with Huang et al. (23), but our C th , 0.05 is smaller than their C th ϭ 0.13 (23) . This is expected since, as detailed in the discussion of Fig. 4 , Huang et al. overestimated U 1 * and consequent SI advection, leading to higher HRP C 1 (r*/R 1 * , t) at all t than the aorta curves of Fig. 7 . Their matching at 30 s thus leads to a higher C th . Zeng et al. (78) used a 2-D advection-diffusion model similar to ours, but with two SIs for the valve leaflet aspects to predict HRP leakage spot growth in valve. They found C th ϭ 0.015, closer to our aortic value than Huang et al. (23) .
Since the PA U 1 * (or Pe SI ; Fig. 4 ) is lower and its media's resistance is smaller than the aorta's, its SI HRP concentration curves (Fig. 7) are also lower, thus yielding a smaller C th ϭ 0.02. Figure 8 , curve 3, plots the PA theoretical spot growth, comparable to the aorta's for ϳ1 min but slightly smaller thereafter. The t 0 ϭ 15 s is less than the aortic value, since tracer injected in the femoral vein reaches the PA before the lungs, heart, and aorta.
It is unsatisfactory that the aorta, PA and valve leaflet use different C th , even with the improved aorta value (23) . Despite the PA slower radial SI tracer advection, Shou et al. (46) found that both have remarkably identical HRP spot growths, further suggesting the above fitting procedure is missing something important. All of these calculations compare spots with SI HRP spread, presuming media HRP is negligible. Since the normal fluid fluxes across both vessel walls are the same, but the denuded L pd * of the PA (45) is much larger than of the aorta, this flow in the PA spreads fluid and macromolecules not only radially in the SI but also into the media. Even low media concentrations can represent significant HRP in a thick media. One measures spot radii by taking light micrographs en face from above a vessel lit from below. This view through the off-white, adventitia-free vessel (9, 46) Let A() be the HRP reaction product's absorbance, the logarithm of the ratio I/I 0 of the intensities of the transmitted and incident beams, at the interrogating wavelength , ε() the HRP absorptivity, z the light path normal to the endothelium, L ϭ L 1 ϩ L 2 , and C(r, z) the nondimensional absorber (tracer) concentration. Beer-Lambert's Law of optics states
This is the simplest log-linear assumption for tracer absorbance, e.g., for photographic film sensitivity. Its use ignores tissue scattering for simplicity (unknown material scattering parameters) and tissue thinness (ϳ100 m). Figure 9 plots the radial distribution of A/ε ϭ ͐cdz (using white light, i.e., average ε), and not simply of SI HRP concentration, for the PA (solid) and the aorta (dash) at different HRP circulation times. Viewed this way (compare Figs. 7 and 9) HRP spot growth in the PA and aorta are remarkably similar. More critically, a single threshold value (Int th ) of A/ε ϭ of 1ϫ10 Ϫ5 cm intersects all of these curves to fit the data well (Fig. 8, curves 2 and 4) for all circulation times for both vessels and for t 0 as before, 15 s (25 s) for the PA (aorta). Slight adjustments in the PA threshold value, e.g., curve 5 for Int th ϭ 1.2ϫ10 Ϫ5 , can lower the PA curve, but the data error bars do no warrant it. The aorta whole wall shape of curve 2 improves on the too-rapid early growth of its SI HRP curve 1. This indicates that even the aorta, and a fortiori, the PA (permeable) media have nonnegligible HRP content. APPENDIX D analyzes the sensitivity of these results to the precise values of the model parameters.
SI LDL Concentrations Their Impact on Lipid Accumulation
The arterial SI ECM glycosaminoglycans (GAG) and proteoglycans trap and bind a portion of the plasma LDL that crosses the endothelium to form lipid packets, labeled extracellular lipid liposomes, each of which contains the lipid from one or many LDL particles (2, 49, 68) . It is a critical prelesion atherogenesis event. The accumulation of a high concentration of liposomes is believed to trigger the recruitment of bloodborne monocytes that mature to macrophages and devour lodged lipid. When overloaded, lipid-laden macrophages turn into foam cells (26) . In large arteries like the aorta, liposomes have been widely studied in early atherogenesis. In contrast, no reports have thus far looked for, much less evinced, their presence in the PA. One suspects that, under normal conditions where the PA is atherosclerosis-resistant, it would contain far fewer, if any, liposomes than the aorta. Given that liposome formation and growth are kinetic processes, their rates depend on local tissue concentration. Our transport theory predicts LDL entry into and concentration distribution in the aorta and PA SIs under normal and hypertensive conditions. One can then speculate whether such differences correlate with vessel disease susceptibility. Figure 10 shows model-simulated SI LDL (not HRP) concentration profiles near the leak in the PA and aorta with measured and guesstimated parameter values given in the caption. It shows that, although the PA LDL concentration just below the leak is higher than the aorta's, the aorta's LDL concentration is higher than either the normotensive or the hypertensive PA's in the region r* տ 2R 1 * . This outer region's area is more than 100 times that of the leaky cell (where the PA LDL concentration is larger) and thus more significant for total lipid accumulation. Moreover, the aorta's LDL curve extends further radially. Finally, Sun (53) report that macromolecular leakage spot frequencies in rat of 7.6 Ϯ 1.6/10 4 cells (aorta) and approximately half that, 3.4 Ϯ 1.2/10 4 cells (PA). Simply put, the aorta has more, bigger, and darker SI spots than the PA. This is consistent with the aorta accumulating lipid far faster than the PA. The investigation of Cardoso and Mourao (4) of GAG fractions from normal human arteries obtained at necropsy further explains why the aorta entrains lipid faster than the PA. They found that the thoracic aorta has similar dermatan sulfate but a 30% higher chondroitin 4/6-sulfate content, both GAGs known to interact with LDL, than the PA. Of its isomeric forms, the 6-sulftaed form constituted 50% (43%) of the chondroitin 4/6-sulfated proteoglycan in the thoracic aorta (PA). The 6-sulfated form binds strongly to LDL, whereas the 4-sulfated isomer shows little or no interaction with LDL (8) . Therefore, the aorta has at least 1.6 times more effective content that efficiently binds LDL than the PA. This difference may actually be larger, since the PA has essentially no 4/6-sulfate ϩ dermatan sulfate fraction of the highest molecular weight, which binds LDL most efficiently (4) .
Unlike when it is normotensive, under PH, the PA becomes noticeably atherosclerotic. Figure 10 shows that elevation of ⌬P* increases the PA LDL concentration substantially beneath the leak and nearly to aortic levels far from the leak. What is needed for a quantitative study, but is not known, is what chronic PH and its associated remodeling does to LDL-ECM interactions and to leakage spot frequency. [Sun (53) showed that acute changes in ⌬P* do not seem to affect leakage frequency.] Clearly, this uniform rise in PA SI LDL concentration with PH suggests that lipid entrainment kinetics will speed up relative to the normotensive state.
To make quantitative estimates of how in Fig. 10 the SI LDL concentration profiles might affect lipid accumulation without remodeling in these cases, one could input these profiles to the extracellular lipid liposome formation and growth models/ parameters developed by Yin et al. (72) for rabbit aortic accumulation data. With the use of these aorta parameters and the 1.6 higher aorta vs. PA lipid binding constant, this procedure quantitatively correctly predicts liposome size distributions for rat aortic valves, despite the different tissue type (75) . Due to the absence of liposome data in either normo-or chronically hypertensive PAs and due to the unknown leakage frequency of chronically hypertensive PAs we do not belabor this calculation here, but Fig. 11 just presents sample model results. It reflects the trends anticipated in the last two paragraphs, with more and darker aorta tracer spots leading to faster SI lipid accumulation and PH increasing PA lipid accumulation. Since extracellular lipid liposomes typically contain lipid from one to several hundred LDL particles, their growth kinetics are highly nonlinear and thus dramatically amplify even the apparently modest differences in SI LDL concentration in Fig. 10 into large differences in entrainment rates. More detailed calculations (not shown) suggest a shift from smaller to larger liposomes as ⌬P* increases in the PA, a size distribution more similar to that in the aorta.
Once sufficient lipid has been entrained, blood-borne monocytes and medial SMCs enter the SI to scavenge entrained lipid and can necrose there. PA SMCs have less actin and are less compactly organized in human vessels (32) and are more susceptible to the antimyogenic effects of heparin in cultured lines (58) than aortic SMCs, all of which might effect different availabilities. Cholesterol feeding increases different intermediate filament proteins in these two SMC types (40) . Yet, both the PA and the thoracic aorta in apolipoprotein-deficient mice are amongst the first vessels to develop foam cell lesions that quickly progress to develop multiple layers of lipid-filled macrophages and SMCs and both SMC types are similar in their caveolar bands and in their response to sterol-binding agent filipin (44) . Thus it is unclear if SMC differences play an important role in the two vessels' distinct lesion-forming proclivities.
Conclusions
This study seeks to gain insight into why the aorta is far more susceptible to atherosclerotic lesion formation than the PA. It models and compares water and macromolecular transport from the lumen into the aorta and PA walls to see if there are stark differences in LDL delivery to the tissue. In the process, it reworks the established transport model for the aorta to incorporate parameters values that were later measured and found to be quite different from the values initially assumed/guesstimated. With these parameters, the aorta and PA models explain a range of available independent tracer transport data into these vessels' walls. Although the models have numerous parameters, the results are sensitive to only a small subset of them, and those parameters are well characterized. They show that the similar wholewall tracer spot growth in the high-pressure aorta and the low-pressure PA is a consequence of the similar mismatch in leaky-to-normal endothelial cell junction hydraulic conductivities. The models find that, whereas the overall transmural water flow (45) and total tracer advection are similar in both vessels, leading to this similar whole-wall (SI ϩ media) tracer spot growth, the PA's lower SI/media density mismatch (the PA has a far less dense media than the aorta) results in a higher fraction of the tracer in the PA's wall residing in its media and less in its SI. Since there is strong evidence that early lesions occur only in the SI, this may partially account for the slower, so slow that it has not yet been observed, lipid accumulation in the PA compared with the aorta. The likely nonlinearity of lipid accumulation kinetics can magnify these SI concentration differences into large differences in lipid entrainment rates, as Fig. 11 shows. The model shows that simply increasing PA transmural pressure, as in PH, increases PA SI concentration and the predicted rate of lipid accumulation in the PA modestly. It is unknown whether chronic pulmonary hypertension increases spot frequency (acute PH does not) or LDL-PA ECM affinity. Such changes, together with the modest predicted increase in the lipid accumulation rate due to elevated pressure may be relevant to PH's higher PA atherogenic susceptibility.
APPENDIX A: MATHEMATICAL MODELS: FILTRATION, MASS TRANSFER, LIPOSOME FORMATION, AND GROWTH
The mathematical model consists of Laplace's equation for the pressure distribution, Darcy's Law requiring the velocity be proportional to the pressure gradient, the advection-diffusion equation for the tracer concentration profile and its time evolution, and initial and boundary conditions. Below we define all variables, dimensional and nondimensional, detail these equations, in dimensional form in parentheses followed by their nondimensional form, and solve the entire system of equations by finite difference techniques on a highly nonuniform mesh as described in the text. We invoke the results of prior simplified subscale models of transport through holes and slits to determine transport parameters for leaky endothelial junctions and IEL fenestrae.
Filtration
A variable (without) with superscript asterisk indicates a (non)dimensional quantity. L p * and K p * are hydraulic conductivity and permeability, each carrying a subscript denoting the region the parameter represents. The nj denotes normal and lj leaky EC junctions. The is the fluid viscosity. The transmural pressure drop, ⌬P*, is the difference between lumen, P L * , and adventitia pressures, P a * . The media (ϳtotal wall) thickness, L 2 * , normalizes all lengths, e.g., spatial coordinates:
We normalize water velocities, V i * ϭ (U I * , W I * ); pressures, P i * ; conductivities, L pnj * and L pij * ; and Darcy permeabilities, K pi * , with the media conductivity, L p2 * and permeability, K p2 * , and ⌬P*:
where
‫ء‬ and i ϭ 1, 2 denotes the SI and media layers, respectively, throughout.
Since we model the SI and media as porous media, the filtration flow in each satisfies the equation of continuity with the assumption of constant fluid mass density
and Darcy's Law, whose the dimensional form is V i * ϭ Ϫ(K pi * /)ٌ*P i * and nondimensional form is
This approach contrasts with detailed triphasic theories of solvent and ion transport through single-layer articular cartilage matrix that has a fixed charge distribution (16, 17, 31) . Luckily, studies (23, 24, 27-29, 64, 78) show the Darcy approach explains and predicts data well for transport on the scale of complex layered structures with different ECMs at different layers. Substituting Eqs. A5 into A4 gives the governing equation for the filtration model,
Axisymmetry at r ϭ 0 and no radial flux at r ϭ (periodicity) give r-boundary conditions:
Since the osmotic pressure is generally assumed uniform across large vessel walls, we relate the water velocities, W 1, across the endothelium, z ϭ 0, to the local pressure drop by
is the average inner (outer) leak radius and ⌬R ϭ R2 Ϫ R1 its width. Equation A8c assumes the EC is impenetrable to water, but relaxing this assumption is of little consequence (78) . Lp nj is an area-averaged value for normal junctions and ECs. Since the IEL fenestrae are located randomly relative to the leak, we model the flow across the IEL (thickness L I ) with an effective hydraulic conductivity, LpI, boundary condition:
The reference adventitia (z ϭ 1) pressure is:
Subscale models for L plj * and L pI * . Let L l * be the leaky junction's length. Yuan et al. (73) modeled leaky junction hydraulic conductivity, normalized by L p2 * , as steady 1-D slit flow, giving:
The simplified periodic unit fenestral pore interaction model of Yuan et al. (23, 73) calculates IEL L p1 * . This model considered a cylindrical slab with a circular fenestral pore in the center of an otherwise impermeable top IEL surface of finite thickness and a media below. They solved analytically for the filtration flow through this geometry and calculated a fenestral L p equal to the flow rate through the fenestra divided by the fenestra area and the difference between the given, assumed uniform pressure above the feneestra and the average pressure on the surface just below the IEL. Let a f be the mean fenestral radius, 2I the mean distance between neighboring fenestrae and ⌽I ϭ a f 2 / I 2 , the IEL fractional fenestral area. The result is:
The water velocity, Wf, through the fenestra is One solves for the pressure distribution from the governing equations, Eq. A6, and boundary conditions, Eqs. A7-A10. Darcy's Law, Eq. A5, yields the velocity distribution.
Macromolecular Transport Model
Let us begin with the new variables and parameters that enter the mass transfer problem. C i * is the dimensional solute concentration, locally averaged over all phases, tissue and fluid, present, for both the SI and the media (i ϭ 1, 2). C p * is the initial plasma solute concentration; q i * : ϭ (q ir * ,q iz * ) is the solute flux vector; , the nondimensional time; D i * , the diffusion coefficient; fi, the retardation coefficient representing the ratio of solute to water velocities; and ␥i, the volume available for macromolecules per unit total tissue ϩ fluid volume. Peir and Peiz are the velocity variables, nondimensionalized in a manner appropriate for mass transfer studies, in the form of r and z Peclet numbers. The nondimensional variables are:
Macromolecular transport in the artery wall satisfies the equation of continuity with the assumption of constant mass density:
The constitutive equation for the nondimensional solute flux vector q i ϭ (qir,qiz) has contributions from convection and diffusion in both the r and z directions defined by (Fig. 1B) , define
L l * , Pel, fl, and D l * are the leaky junction height or length, Peclet number, retardation coefficient, and diffusion coefficient. W l * in the leaky junction is uniform, yielding a junction Peclet parameter, Pel, unlike variables in Eq. A14b. Tzeghai et al. describe the local macromolecular flux ql through a fenestra by a 1-D, quasisteady, advectiondiffusion model through a slit that integrates to
Note that the normalization of q l in Eq. A17 is different from that of qi in Eq. A14b. Outside the leaky junction, a mass transfer coefficient k describe how macromolecules cross the endothelium. Given the local concentration definitions, the z ϭ 0 boundary conditions are: The conservation boundary conditions at the IEL are
where q I is the local average solute flux across the IEL. Since I Ͻ Ͻ 1, interaction among IEL fenestrae should be negligible and qI should be proportional to the fractional fenestral area, I:
where q f is the fenestral solute flux. The study of Yuan et al. (73) used the same subscale model to estimate qf as Tzeghai et al. (63) did for the fenestae above. giving the analogous results of
where C Is and CIm are the entrance (SI) and exit (media) solute concentrations in the IEL fenestra. The SI and media concentration matching conditions are
again since our local solute concentration is a local average over all phases, not just the fluid. The concentration in the adventitia is assumed to be zero (see footnote 5); thus
The initial condition introduces a tracer at t ϭ 0 into the lumen, for an initially tracer-free tissue: 
Approximations
As noted, our transport models are similar, but not identical to those in Huang et al. (23) and Yuan et al. (73) , but we solve them with improved parameters and without assumptions that compromise simulation accuracy. Neither of these earlier studies solves the equations of continuity, Eq. A4, and of solute conservation, Eq. A15, in the SI directly. Rather, since the ratio of SI thickness to mean distance * between leaky cells is much less than one [L 1 * ϭ 0.2 ϳ 1 m (23); * ϭ 670 m (23)], they replaced these equations by their integrals dz* (normal to the endothelium) across the SI. This implicitly assumes that, in analogy to boundary layer problems (1), the radial fluid velocity (U 1 * ) and the radial solute flux (q 1r * ) are independent of z*. This integration simplifies the model by transforming the boundary value problem in the SI simply into boundary conditions for the media problem. This assumption is indeed reasonable in the regions far from the leaky site, where this separation of scales justifies a boundary layer-type treatment. However, it does not hold near the leak itself, since the length scale over which the dynamic variables change in the radial direction in that region is of the order of the thickness of the leak itself, i.e., ϳ20 -100 nm. In this region, L l * is not small compared with the length scale of radial variation, but is large compared with it. Thus the radial velocity in the SI is a strong function of z* near the leak. This region is not small, since the hydraulic conductivity of the leaky junction is ϳ5,000 L pnj * (nj ϭ normal junctions). Zeng (74) developed separation of scales to all orders and uses accurate numerical solutions (also used, but not belabored, here) to examine its repercussions in detail. Suffice it here to say that the leaky region is a particularly sensitive region in which to sacrifice accuracy, since all tracer that enters the wall in this model at short circulation times enters via the leaky junction. Thus any errors in advection and concentration here will propagate throughout the larger solution.
Huang et al. (23) also initially assumed the filtration model in the media was 1-D (in z* only) when they solved the simplified SI filtration problem analytically and the media problem numerically. They then corrected the media problem by replacing the uniform pressure boundary condition at the IEL surface with one that states that W l * is the product of L pl * and the difference of SI P 1 * (r*, L 1 * ) and the r*-independent media pressure at z* ϭ L 1 * ϩ L I * . This simplification was based on Yuan et al. (73) result that the pressure distribution just beneath the IEL was nearly uniform. However, as noted above, the results in Yuan et al. were based on the assumption that the SI, the IEL fenestral opening and the media had the same transport properties, e.g., permeability and diffusion coefficient. As it turns out, the SI and IEL fenestrae have very different ECMs (and thus transport properties) from the media and monoclonal antibody studies indicate (33) that the IEL fenestrae's proteoglycan matrix is a continuation of that in the SI. The present calculation directly solves the SI and media problems with the appropriate parameters and without these simplifications. In RESULTS AND DISCUSSION, these changes showed that the impact of the aorta's leaky EC junction extends into the media, causing nonuniformities in the pressure, velocity, and macromolecular concentration near the IEL. The PA wall's similar layered ultrastructure (45) and looser media suggest, and Figs. 3 and 5 find, even more significant pressure and concentration nonuniformities in the PA than in the aorta.
Parameters
Since the publication of Huang et al. (23) , our group has measured (22) some of the parameters that we needed to guesstimate in that work. For example, we had used 20 m as the half-distance between fenestrae ( I) and 0.002 as the fractional area of the fenestra (I ϭ a f 2 / I 2 , so fenestral radius af ϭ 0.9 m) in the IEL, both measured for sheep (48) . Huang et al. (22) subsequently found the diameter of the fenestra (2af) was 1.95 ϳ 2.51 m, but I was 0.039 ϳ 0.056 and thus I ϳ 4.1-6.4 m at different lumen pressures from 0 to ϳ150 mmHg. The earlier values overestimated IEL resistance to water flow and macromolecular transport. Peter Weinberg (personal communication) noted that his experiments of water flow across elastin sheets also suggested far less resistance than we had earlier calculated.
Rather than using our Eqs. Ϫ8 cm·s Ϫ1 ·mmHg Ϫ1 at 180 mmHg, slightly lower than our value since the SI may be (only) slightly more compressed(24) at the higher ⌬P*. Using a more primitive measurement technique, Vargas et al. (65) found 11.9 ϫ 10 Ϫ8 cm·s Ϫ1 ·mmHg Ϫ1 at 74 mmHg, higher than our value but closer to Tedgui and Lever's 70 mmHg value. At 70 mmHg, the SI is much less compressed, leading to a higher apparent endothelial L p * , than at 100 mmHg (22, 24) . Given the species difference and the different ⌬P* and SI compression level, these and our values are quite consistent.
We note that the PA L pnj * value is about eight times that for the aorta. The likely reason for this is that L pnj * is an effective parameter (cf., Eq. 1) that includes the effects of the SI, in particular, its compression that leads to IEL fenestral blockage. Since at physiological pressures, the aorta's SI is nearly fully compressed, while the PA SI is quite relaxed (see Refs. 22, 24 and Fig. 5A of Ref. 45) , fenestral blocking lowers the aorta's effective parameter far more than in the PA. Thus the true endothelial monolayer L p for these vessels are likely far more similar than their effective values, but at the level of modeling of this study, it is the effective values that enter. Shou et al. (45) discuss more technical points arguing this conclusion as well. Note that the denuded PA L pI * is approximately five times the aorta value. This is consistent with a thinner, more porous PA media (45) . The effective IEL hydraulic conductivities, L pI * ϭ 3.21 ϫ 10 Ϫ7 (aorta) and 1.13 ϫ 10 Ϫ6 cm·s Ϫ1 ·mmHg Ϫ1 (PA), are consistent with the PA's thinner elastic layers (45) .
We now give two arguments why PA EC leaky junction L plj * must exceed the aorta value and a delicate discussion of the likely factor. 1) In the work of Lever et al. (35) , 5-to 15-min circulation time studies found similar PA and aortic endothelial permeabilities to fibrinogen (similar size LDL), yet far higher to Evans blue albumin conjugate (ϳ7-to 8-nm diameter). 6 At 5-to 15-min circulation, fibrinogen likely traverses mainly leaky, and albumin all, endothelial junctions. SI LDL Concentrations Their Impact on Lipid Accumulation (Sun Y, Jan KM, Rumschitzki D, unpublished observations; and Ref. 53 ) state that the PA has approximately half the aorta leakage frequency. Thus to maintain similar overall fibrinogen transport, the PA must have wider leaky junctions than the aorta. 2) If the both vessels had similar leaky junctions, the smaller difference between leaky and normal junction L p would yield smaller radial pressure gradients and slower radial advection in the PA than in the aortic SI. Since advection appears to be the major mechanism by which large molecules enter and spread in the SI, the vessels' similar short-time fibrinogen entry and the PA lower leakage frequency would require the ratio of PA: aorta (effective) L plj * to exceed their ratio of L pnj * . Since leaky cleft Lp ϳ (⌬R) 2 6 Fibrinogen is longer and narrower (a ϳ7 nm ϫ 50-to 70-nm trimer) than LDL At 5-to 15-min circulation, it likely traverses only the leaky junctions; at longer times, it likely reptates through the normal junctions as well. The (Ϫ) after ␥1 and f1 means they are decreased by 10%, all others are increased by 10%, e.g., increased L1 by 10%, the spot size, normalized by R1, at 4 min is increased by 1.224%.
